INTRODUCTION
The maximum energy of new electron and proton accelerators has increased steadily over the past 30 years.
However, the cost and size of these machines has also increased to the point where it is difficult to imagine how machines much larger than LEP or SSC could be constructed with present-day technologies.
Synchrotron radiation and the difficulty of constructing dipoles with fields greater than 8 T place practical limits on the size of any circular machine.
On the other hand a linear machine using the SLAC accelerating gradient of I0 MeV/m would be impractically long.
We approach this dilemma by first examining the fundamental design parameters of a colliding linear accelerator such as the SIX] from a very general point of view. Various scaling laws and constraints on the parameters are derived.
These laws are independent of the actual method of acceleration that is adopted.
In Section 3 we examine several proposed acceleration methods which may have significantly higher gradients. We show that a set of parameters may be derived for a laser-drlven grating accelerator in which electrons can be accelerated to 50 TeV in a distance of i0 km.
The grating theory is described in more detail in Section 4, and some of the technical details are addressed in Section 5.
COLLIDING LINAC DESIGN
In this section we will study the design parameters and constraints on a 50-TeV e+e -colliding beam accelerator. 1 It is assumed that because of synchrotron radiation such high energy electron machines must be linear accelerators.
However, at this point we will consider the machine design independently from the actual methods that are used to achieve the acceleration. A fraction of the wall power P can be used to accelerate the electrons.
The electrons will be grouped together in bunches with the frequency f. The total interaction rate for a particular type of process is given by rate ffi L x Ophysics (2, 1) where a_h.sics is the cross section for the process, and the luminosity ~ ~s determined by the design of the accelerator. The following sections of this chapter are devoted to a more detailed study of the constraints acting among the design parameters.
First we consider the relation between the luminosity, the wall power and the beam focus.
We next consider the effect on L due to the disruption of one beam from the magnetic field generated by the other, and from synchrotron radiation at the interaction point.
Finally we consider constraints arising from the extraction of energy from the accelerating cavity, and show that this forces one to examine new acceleration techniques using short-wavelength radiation.
Luminosity
Consider the interaction of two Gaussian shaped electron bunches with length d (~ 2oz, where o z is the rms length) and dimension o.
If one of the bunches is considered to be the "beam" with N 1 particles and the other bunch is considered to be the "target," the density of the particles in the target is Note the luminosity is inversely proportional to the spot size
The spot size in the collision of oppositely charged beams is reduced by the "pinch effect," illustrated in Fig. 2 . The magnetic field at the crossing point reduces o by a factor JK. When this factor is incorporated into Eq. 2.3 we find
so that L is increased by the factor K. The energy that must be extracted from the electrical grid (or wall power) is given by P = vmc2fN (2.5) q where ymc 2 is the relativistic energy of one electron, and q is the efficiency for converting wall power into beam energy.
It is instructive to normalize the luminosity of a new machine to the amount of power it consumes.
Thus we find that
However, it will turn out that N and ~ are related. The quadrupoles near the intersection point will determine the betatron focus parameter 3
A beam of particles can be characterized by its invariant emittance e, which is related to the spatial and angular extent of the beam by 
Disruption
Let us consider the value of the enhancement factor K which follows from the pinch effect.
Consider the deflection of the trajectory of a single particle in one bunch due to the presence of the other oppositely charged bunch.
The electrical and magnetic forces on the particle each act to deflect the trajectory toward the axis, as shown in Fig. 3 . The amount of deflection is determined by the disruption parameter D defined by 2 4 ~ ~o
where o is the rms bunch length and f is the focal length of the deflection caused by the charge distribution. 
Beamstrahlung
A second effect arising from the interaction of the electric and magnetic fields of one beam on particles in the other beam is the emission of synchrotron radiation, which is in this case referred to as beamstrahlung.
The average energy loss per unit time is
We have seen previously in Fig. 3 that P = Y/B = Yod/N. with 8 -i, y2N2 t ~ 02d 2 "
If we take the energy loss during the collision time At = d/c and normalize to the total energy of one particle (mc2y), we find that N 2 u o2d 9
953 Thus, Note that the o appearing in this expression is the pinched physical dimension.
With all the appropriate constants the parameter 6 is given by
where the o now refers to the undisturbed bunch transverse dimension. The factor F arises from the integration of a Gausslan beam through the magnetic fleld. We want 8* and d to be as small as possible.
We have already seen in Eqs. (2.10) and (2.11) that we want large N for luminosity reasons. Thus we don't want ~ too small.
On the other hand 6 can't be too large or the uncertainty in the initial state of the colliding particles will be too large.
As a compromise we take ~ ffi 10%. It (2.18 then that N scale llke I/T 2. If, for follows from Eq. ~ must example, we take d = 8 = 1 cm, b = 1013 cm -I and K = 6, the number of particles per bunch at 50 TeV (y ~ 108 ) is only 5 106 .
Cavity Loading
Stability and energy spread requirements limit the fraction n 3 of the electromagnetic energy in an accelerating cavity that can be given to a particle.
The energy stored in the cavity is
Wca v ~ E~%2s
where E a is the accelerating field energy gradient, % is the wavelength of the radiation, and s is the length of the cavity. The beam energy gain is Wbeam = NEas 9
We define the acceleration efficiency
Expressed in an equation this becomes 5 N = Klq3A2Ea (2.19) where the constant K 1 " 6 104 V -I cm -I. The exact value of K 1 and n 3 will depend on the method of acceleration, but the argument is true in general.
However, it is hard to conceive of any method being more efficient than a good linac.
Combining mechanism must make use of short-wavelength radiation. Now let us consider some possible value for these parameters. We optimistically choose n S = 15% and E = 3 GeV/m.
If one takes the SLC values of I = i0 cm, Eq. (2.19)agives an optimum N = 3 1013 9 This is greatly in excess of the limit of 5 106 particles obtained in Section 2.3.
Stated another way the efficiency q3 for bunches with N = 5 106 is very small.
The efficiency can be maintained if l is reduced.
According to Eq. (2.19), the optimum wavelength with N ffi 5 106 is ~ = 40 ~m.
A 50-TeV Parameter List
Before summarizing the results of these scaling laws let us consider the effects of the N constraints on o and f.
If we use Eqs. (2.10) and (2.18) we find that 
NEW ACCELERATION METHODS
We have seen in Section 2.4 that the efficient transfer of electromagnetic energy to the beam requires that I be small. One could conceive of pushing conventional linac technology to reduce the 10-cm wavelength of SLC to perhaps 1 cm. This would probably require replacing the klystrons as sources of the radiation with some scheme using free electron lasers or wake fields. 6 At the 10-~m wavelength for the 50-TeV accelerator considered here, the accelerating fields would probably have to come from a laser.
In principle laser light focused onto a beam line can provide a gradient of up to 2 TeV/m, as shown in Fig. 5 . Unfortunately, however, this gradient does not provide any acceleration! Why not? It can be shown that under the following assumptions--(I) Maxwell's equations are correct (2) the particle travels in a straight line with B ~ 1 (3) the acceleration takes place in a vacuum (4) the field consists of a sum of transversely polarized plane waves with velocity c. The acceleration of a relativistic charged particle is due to the sum of the oscillatory forces from these waves. But, since the forces oscillate, the acceleration will be 0. It follows that to obtain any acceleration we must depart from one of the four assumptions.
(I) There have been several theoretical papers on violating Maxwell's equations, but no experimental support.
(2) Make the particles deviate from a straight llne. This is the case for the Inverse Free Electron Laser (IFEL) or Wiggler Accelerator. 7-8 (3) Don't work in a vacuum.
If the acceleration takes place in a gas, one could use the inverse Cerenkov effect. 7 If it takes place in a plasma, one can use beat waves. 9 (4) Go near to a surface. This might consist of a dielectric tube 7 or a very small linac.
In the remainder of this paper we will pursue the idea of a very small linac.
How might one conceive of a linac structure with a periodicity ~ I0 ~m? Figure 6 shows four different concepts.
In (a) a small hole is made through a stack of foils using an electron beam. However, at i0 ~m the losses are high, the attenuation length is short, and there are problems in injecting the electromagnetic energy.
In (b) the particle travels down the axis of a twisted wire. One could use tungsten lamp technology.
Alignment might be a serious problem here.
In (c) we show a periodic structure that could be etched onto a substrate by using integrated circuit technology. This is plausible, but may he unnecessarily complicated compared with a simple grating shown in (d). 
GRATING ACCELERATOR THEORY
The use of a gratinz for acceleration has been considered by a number of investlgators. Y0-12 Near the grating surface the field would be present when the particle was over the grooves in the grating, but would be "shorted out" over the ridges.
The effect is the inverse of one observed by Smith and Purcell, IS in which visible light is generated by localized surface charges moving across a grating.
Conceptually the design of such an accelerator might proceed as follows:
(I) focus a parallel beam of light on the grating, (2) study the induced evanescent modes, (3) find a "cavlty-llke" solution without the incoming wave, and (4) find a solution which couples to the cavity with only a small amount of incoming wave.
Unfortunately the simple grating configuration II shown in Fig.  6d is not suitable for a high energy accelerator since lawson 14 has shown that the acceleration gradient E a + 0 as E + ~.
This may be stated as follows.
Lawson's theorem: Consider a particle with velocity c traveling along x and an electromagnetic wave traveling in the x,z plane with x component of the electric field where This is illustrated in Fig. 7 . When k < I, one has normal plane waves (far field solutions), and the velocity along x is too fast to remain in phase with the particles. When k > i, one obtains surface waves (near field solutions), where the amplitude falls off like exp I-z/% 4(k 2 -I)]. Here the velocity of the radiation is too slow to remain in phase with relativisitic particles.
In the final case with k = I, the velocity is correct, but now there is no component of ~ along the particle trajectory.
The solution 12 to the problem is to use surface waves in a skew geometry.
The surface waves have k > 1 and velocity v = c/k < c. However, if the angle 8 is selected so that cos8 = I/k, then the velocities match.
If two surface waves are superimposed, as shown in Fig. 8 , then the accelerating fields on the axis always lie in the same direction.
Note that there is a region off the axis where the gradient is always in the opposite direction.
This region could conceivably be used for accelerating particles of the opposite charge.
We can attempt to generate the two skew waves by using the skew diffraction of an incoming plane wave. 15 Consider a grating with spacing S, as shown in Fig. 9 . We define a vector ~ normal to the grating lines with magnitude The induced surface diffraction waves K n are (n ffi I, ~n = ~inc + n~ 9 2,...) (4.6) The first two induced surface waves are shown in Fig. 9 . In the special case when
K1 " ~ = ~ (4.7)
and when B = i, we must have S ffi l, and we get standin~ waves. 15 Figure i0 shows a grating configuration in which the n = 1 surface waves produce acceleration. 
~4.1o)
The incoming and outgoing waves are independent of x'. They have accelerating fields E x ~ sln(pz/X) which are 0 at the surface and oscillate in strength as z is varied.
The n = I surface waves have z x ~ sln(p) e -kzl~, ~z ~ cos(~) e -kz/X .
When exposed to the initial wave this grating will accelerate the particles, but since it is not a cavity its Q = 0 and Eac c < Efree. However, by shafting the grating surface and adding additional surface wave modes (e.g., n = 0 and n = 3) it is possible to set up a standing wave pattern with Q > 0. Figure Ii shows a grating with a cavity-like field pattern. A small coupling with the incident wave is required to set up the pattern and to overcome cavity losses. For a copper surface Q might be ~ 50, or possibly higher for a plasma. 
TECHNICAL DETAILS
A number of technical details must be examined before a practical grating accelerator could be constructed.
These include (I) longitudinal stability, (2) transverse stability, 16 (3) tolerances, l? (4) wake field "loading", 18 (5) efficiency, 18 (6) lifetime of the grating, 19 (7) how to get bunch lengths of 1 cm, and (8) how to get B* = 1 cm. The longitudinal stability should be acceptable provided that the energy is greater than 1GeV for electrons or 1 TeV for protons.
The required tolerance on the rms line spacing is ~ 0. I ~m. A potential problem with the very large electromagnetic energies required is the destruction of the grating, the surface of which will be ionized into a plamsa.
Fortunately the plasma thickness increases slowly with time, so that after 30 ps the plasma depth is only ~ I/8 %. However any practical accelerator would probably have to make use of a replaceable grating. Figure 12 shows one possible solution using jets of high pressure liquid expelled through tiny holes in a pipe. Such a design could presumably make use of the technology developed for ink Jet printers.
Other possibilities inelude using ripples on a liquid metal surface, or a thin surface lay which is replaced between pulses. ,/~Fig. 12 A disposable grating made from ets of liquid. It may be possible to obtain 1-cm bunch lengths using lO-~m accelerating fields by accelerating many bunches and then debunching. The debuncher could consist of a triplet of dipoles following the main accelerator.
How might one get a value of 8* " 1 cm? If you use a quad triplet similar to SLC the required gradient is 107 gauss/cm.
Assuming a pole tip field of i0 kG, this requires a pole radius of i0 ~m. But then how do you make a quad with r = i0 ~m? Figure 13 shows one conceptual design using thin layers of magnetic and non-magnetic substances deposited on optically flat pieces of glass. 
